Background Heterotopic ossification (HO) is common after combat-related amputations and surgical excision remains the only definitive treatment for persistently symptomatic HO. There is no consensus in the literature regarding the timing of surgery, and recurrence frequency, reexcision, and complications have not been reported in large numbers of patients. Questions/purposes (1) What are the rates of symptomatic recurrence resulting in reexcision and other complications resulting in reoperation in patients with HO?
at least 6 months clinical followup by an orthopaedic surgeon or physiatrist (median, 20 months; range, 0-88 months). Results Eleven of 172 patients (6.5%) underwent reexcision of HO, and 67 complications resulting in return to the OR occurred in 53 patients (31%) of patients. Multivariate analysis of our primary outcome measure showed more frequent symptomatic recurrences requiring reexcision when initial excision was performed as a partial excision (p = 0.03; odds ratio [OR], 5.0; 95% confidence interval [CI], 1. 2-29.6) or when the initial excision was performed within 180 days of injury (p = 0.047; OR, 4.1; 95% CI, 1.02- 16.6) . There was no association between symptomatic recurrence and HO grade, central nervous system injury, experience of the attending surgeon, or postoperative prophylaxis. Radiographic recurrence was observed when partial excisions (eight of 30 [27%]) were done compared with complete excisions (five of 77 [7%]; p = 0.008).
Conclusions HO is common after combat-related amputations, and patients undergoing surgical excision of HO for this indication often have complications that result in repeat surgical procedures. Partial excisions of immature lesions more often resulted in both symptomatic and radiographic recurrence. The likelihood of a patient undergoing reexcision can be minimized by performing a complete excision at least 180 days from injury to surgery with no evidence of a reduced risk of reexcision by waiting longer than 270 days. Level of Evidence Level III, therapeutic study.
Introduction
Heterotopic ossification (HO) is the formation of mature lamellar bone in nonosseous tissue such as muscle. It is known to occur after blunt trauma elbow and acetabular fractures, burns, traumatic brain injury, and spinal cord injury. Recently, interest in HO has increased as a result of its high prevalence in combat-related extremity injuries and amputations [9, 10, 14, 15, 17] . Studies have reported the prevalence of HO to be as high as 65% in combat-related amputations, and HO can result in pain, wound breakdown, difficulty with prosthesis wear, entrapment of neurovascular structures, and limited ROM [2, 4, 6, 16, 18, 20, 22, 23, 26, 29, 31, 32, 35] . Before operative excision, nonsurgical modalities such as pain control and serial prosthetic socket adjustments should be exhausted; however, up to 41% of affected patients who have undergone amputation will choose to have surgical excision to treat persistent symptoms and failed nonsurgical treatments [7, 8, 24, 27, 28] .
Although substantive literature exists on the surgical excision of HO, techniques for removal are variably described and there remains no clear consensus on appropriate timing of resection with regard to recurrence [2, 3, 11, 26, 30, 36] . Given the potential morbidity associated with surgical excision such as significant blood loss, high wound complication rates, difficult immediate postoperative pain control, and delays in rehabilitation, an appropriate focus on preventing symptomatic recurrence is critical. Garland and Orwin stated that normal bone scans, alkaline phosphatase blood serum levels, and mature roentgenographic appearance of HO-classic landmarks of HO maturity-were unreliable in predicting recurrence [13] . Although symptomatic HO recurrences have been described, very little has been reported on HO recurrence after excision in patients with trauma-related amputations.
The purpose of our study was to evaluate a population of military persons who underwent or sustained amputations resulting from combat-related injuries to determine: (1) What are the rates of symptomatic recurrence resulting in reexcision and other complications resulting in reoperation in amputees with HO? (2) Is either radiographic or symptomatic recurrence dependent on timing and completeness of excision, surgeon experience, the severity of preexcision HO, the presence of concomitant neurologic injury, or the use of postoperative HO prophylaxis?
Patients and Methods
After receiving approval from our institutional review board, the Surgical Scheduling System (S3) at our institution was retrospectively reviewed to identify all patients who underwent HO excision at Walter Reed Army Medical Center and, more recently, at the integrated Walter Reed National Military Medical Center between March 2005 and March 2013. The patients were then crossreferenced with our internal amputee database to determine whether the HO excision was performed in a combat-related amputation. Followup on these patients was assessed through the Armed Forces Health Longitudinal Technology Application, the outpatient medical record for the Military Health System. Combat-related amputations were defined as any major extremity amputation (at or proximal to the wrist or ankle) performed or completed as a result of injuries sustained in combat, including so-called late or delayed amputations.
We identified 994 patients who underwent amputation during the study period (March 2005 to February 2013). Of the 994 patients with 1377 residual limbs, 172 residual limbs in 133 patients underwent HO excision during the study period ( Fig. 1 ). All 172 combat-related amputations that underwent HO excision were considered for our study given the high likelihood that clinically symptomatic recurrences would return to receive re-excision; if necessary, at our institution. Median followup done by an orthopaedic surgeon or physiatrist for study patients was 924 days (range, 210-3166 days) from the date of injury and 590 days (range, 7-954 days) from the date of initial HO excision. With 2 months considered by physicians as a minimum followup for the recurrence of HO, 169 of 172 (98%) residual limbs met these criteria ( Fig. 1 ). All patients were men. Average patient age was 26 years (range, 19-44 years; Table 1 ).
We collected patient demographics, level of amputation, date of initial injury, mechanism of injury, presence of concomitant neurologic injury, date of HO excision or reexcision, HO prophylaxis when used, clinical indications for excision ( Fig. 2) , and concurrent surgical procedures as well as complications and late problems resulting in return to the operating room (OR). The preoperative, immediate postoperative, and latest followup radiographs were reviewed by the primary author (GJP) and HO was graded using the Walter Reed HO classification [27] . In assessing predictors of HO recurrence, we focused on surgeon-dependent factors such as surgeon experience, timing of excision, and completeness of excision as well as factors considered to be associated with HO development such as concomitant neurologic injury and the use of prophylaxis.
With regard to mechanism of injury, we found there to be a fairly homogenous cohort of blast-related traumatic amputations. Blast-related injury was considered if the result of an improvised explosive device, mortar round, or grenade. Of the 172 combat-related amputations in this study, 168 were the result of blast-related trauma. Other mechanisms of injury included two high-velocity gunshot wounds and two crush injuries from vehicle rollover.
Surgeries to excise HO from amputations were performed by a total of 17 military staff orthopaedic surgeons at our institution (two of whom, BKP and JAF, are authors), including three surgeons who performed more than 10 HO excisions during the study period and were therefore considered more experienced. Three surgeons (BKP) were considered experienced, performing 138 total primary excisions, and 14 surgeons were less experienced, performing 34 cumulative primary excisions. Clinical judgment correlating radiographic and cross-sectional imaging with patient symptoms was done by the individual treating surgeon to determine the extent of HO excision needed to accomplish treatment goals. The decision to return to the OR after initial excision was made by the attending orthopaedic surgeon based on clinical acumen if the residual limb had persistent or recurrent symptomatic HO, there was concern for infection, or an amputation required revision for soft tissue failure or symptomatic neuromata. If there was concern for infection as opposed to sterile wound dehiscence, intraoperative deep cultures were obtained with swabs and/or tissue samples.
Both inpatient and outpatient rehabilitative care was carried out by experienced physiotherapists skilled in the treatment of patients who had sustained amputation. The use of postexcision HO recurrence prophylaxis, including nonsteroidal antiinflammatory drugs (NSAIDs) or external radiation therapy (XRT), was not standardized and was determined by the treating surgeon. Most frequently, we used a celecoxib for 2 to 4 weeks postoperatively at either 100 mg twice daily or 200 mg daily beginning on the day after surgery for HO recurrence prophylaxis. In the nine patients to whom XRT was administered, a 7-Gy dose was delivered on the first postoperative day.
Our primary study outcome was return to the OR for reexcision of symptomatic recurrent or residual HO. We compared the frequency of reexcision based on the presence of concomitant neurologic injury, preoperative grade of HO, the timing and extent of initial resection, the relative experience of the treating surgeon, and the use of postexcision NSAIDs or XRT as recurrence prophylaxis. In addition to identifying factors associated with reexcision of symptomatic HO, we analyzed the radiographs in both symptomatic and asymptomatic patients at latest followup for radiographic recurrence after complete excision or progression in partially resected lesions. Partial resection was defined by radiographic evidence of residual HO when comparing images before and after the resection procedure. Finally, we determined which complications and late problems resulting in revision surgery after HO excision. Because our electronic medical record is universal among military treatment facilities across the US Department of Defense, loss to followup occurred only when patients were retired from military service and sought treatment at either Veterans Affairs medical facilities or civilian treatment facilities; however, it would be unlikely that patients who had symptomatic recurrence of HO after an excision at our institution would have a reexcision elsewhere or at least without our consultation.
Data analysis was performed using RStudio (Version 0.98.953; RStudio, Inc, Boston, MA, USA). Counts Returns to the OR, N = 67 Débridement-concern for wound infection 25
Amputation revision 14
Reexcision 11
Soft tissue/scar revision 7
Neurectomy 5
Hardware removal 3 
Results
Overall, 11 (6%) of the 172 residual limbs underwent reexcision of symptomatic HO. Median time to initial HO excision was 250 days (interquartile range, 195, 271). Median time from injury to initial excision for the 11 limbs ultimately undergoing reexcision was 186 days (range, 51-278 days). In addition to the 11 limbs that underwent reexcision of HO, there were 56 (33%) other postoperative complications that resulted in a return to the OR. Twentyfive (45%) of the complications were débrided as a result of concern for infection with infection verified by positive culture in 22 patients (Table 1) . Univariate subgroup analysis demonstrated that excisions performed before 270 days and excisions performed in residual limbs in which the patient had a diagnosed neurologic injury were associated with increased frequency of OR returns for reasons other than reexcision ( Table 2 ).
We found that partial excisions and excisions done before 180 days after injury were associated with an increased likelihood of a patient undergoing reexcision. Residual limbs undergoing a partial initial excision were more likely to return to the OR for reexcision (11 of 56 [20%]) compared with complete incision (two of 111 [2%]; p \ 0.001). Logistic modeling showed that partial excisions were more than five times likely to return to the OR for reexcision (p = 0.03; OR, 5.0; 95% CI, 1.17-29.6), Furthermore, surgical excisions of HO done before 180 days after injury were more likely to recur (six of 36 [17%]) symptomatically than those done after 180 days (five of 136 [4%]; p = 0.01) and conferred an increased risk of reexcision (p = 0.047; OR, 4.07; 95% CI, 1.02-16.6) ( Table 3 ). In contrast, when all initial excisions done before 270 days were considered, there was no increased risk for reexcision on multivariate analysis (Tables 2, 4). Surgeons who performed fewer than 10 excisions did not have any increased risk of recurrence when multivariate analysis was performed to control for confounding bias. There was also no difference in reexcision frequency or increased risk of reexcision when considering concomitant neurologic injury, use of postexcision HO prophylaxis, or severity (preexcision grade) of HO (Tables 2, 3, 4). Radiographic progression was seen in eight of 30 limbs (27%) that had partial excision, whereas radiographic recurrence of initially complete excisions was seen in five of 77 (7%). Radiographic recurrence was observed when partial excisions (eight of 30 [27%]) were done compared with complete excisions (five of 77 [7%]; p = 0.008). There were no differences in symptomatic recurrence risk with regard to HO prophylaxis or prophylactic modality. 
Discussion
HO is a troublesome and frequent complication in the care of patients with amputations. Prior research has demonstrated that HO forms in approximately 65% of combatrelated amputations with 20% to 41% of patients requiring surgical excision [7, 8, 24, 27, 28] . However, risk factors for HO formation remain poorly understood. Our study demonstrated that the frequency of recurrence in this difficult-to-treat patient population is relatively low at 6% (11 of 172); however, complications after excision are relatively common, occurring in nearly one-third of the patients thus treated. When removing HO from residual limbs, our study showed that definitive treatment is most effectively obtained when a complete excision of HO is performed at least 180 days after the initial injury.
Limitations of our study include its retrospective nature whereby variable treatment approaches by 17 different surgeons are sometimes difficult to determine from the medical record. Although almost all of the amputations we studied resulted from traumatic blast injury in a young population, there remains heterogeneity in our patient population with regard to severity of initial extremity injury, wide spectra of concomitant trauma as well as variable success of treating HO symptoms without surgery that may be influenced by other patient factors. Patient followup in our study was robust overall; however, three patients were included who were not seen by our orthopaedic department beyond 2 months of surgery. Although direct surgeon-patient followup is desired to assess surgical outcomes, we are confident those patients did not have early recurrence for two reasons: (1) active-duty military members are, by standard practice, not allowed to leave military service within an minimum of 4 months after surgery, and only when all active health concerns are addressed that surgery sufficiently addressed their complaint; and (2) reported followup in our study considered only physician-patient encounters; however, our patients have ongoing clinical assessments and visits by physiotherapists and prosthetists in our institution and those throughout the Department of Defense/Veterans' Administration consortium who are well adept in assessing HO symptoms. Furthermore, we did not have a protocol in place for timing of initial excision, because often the wounds, associated injuries, symptoms, related activity levels, and patient or surgeon preference dictated surgical timing. Many studies now support surgical excision earlier than the 12 to 18 months historically proposed as the requisite delay [9] [10] [11] 14] ; however, those series represent excisions about the elbow [25, 32] or were performed in conjunction with radiotherapy protocols.
Our study, the largest single study reporting HO excision results in any patient population, validates the Table 2 . potential success of earlier excision (ie, at or after 6 months from injury), even in the absence of postoperative radiation, which was performed after only nine of 172 excisions. Overall, our reexcision rate was slightly less (7% versus 12%) than that seen in a systematic review of 384 HO excisions from the elbow, the only larger study, albeit aggregated, that reported recurrence rates [21] . That study, in particular, was classified HO as a result of trauma, burn, or neurologic injury; however, in our patient population, combat-related trauma was the cause of amputation and neurologic injury, and therefore a distinction between the two is difficult given our logistic modeling findings. We observed a slightly lower incidence of excision with 172 excisions in a cohort of 1377 amputations during the study period; however, this does not account for the large number of patients who did not develop HO as well as a few who were treated at our hospital but may have received an HO excision at another military treatment facility, by a civilian surgeon, or outside of the study period. The purpose of our study was not to report either the prevalence of HO or HO excisions, but rather the results of HO excision from residual limbs. Furthermore, although there was no consistent postoperative HO prophylaxis after initial excision in our cohort, we did not find a higher reexcision frequency based on prophylaxis status in our series. Surgical excision of HO can be a very morbid operation with high risks of patient blood loss and transfusion, infection, wound problems, and damage to surrounding neurovascular structures [19, 26] . Many times, subsequent returns to the OR are necessary because patient limbs after traumatic amputations are at considerable risk of complications, in general, and are subject to ongoing reconstructions to achieve a stable limb that will tolerate regular, and ideally aggressive, prosthetic wear. Based on our experience, complete excision is suggested when practical; partial excisions may be performed in select circumstances when symptoms are extremely focal or complete excision would result in the sacrifice of too much tissue and/or would result in a larger, more complicated excision such as having to take down an otherwise stable myodesis or revising to a substantially shorter residual limb ( Fig. 3) . Taking out only the symptomatic areas can thus provide relief without incurring the increased morbidity of a more invasive surgery and can be used to more quickly return patients to rehabilitation and ambulation in wellselected patients; conversely, our findings suggest that this approach may increase the risk of reexcision (Fig. 4 ). We believe the complexity of surgical excision and numerous concurrent procedures explain our initial findings that excisions performed by experienced surgeons resulted in fewer return trips to the OR. Despite failure to show an increased symptomatic recurrence risk on multivariate analysis, we believe that complex or severe HO excisions should be done in consultation with surgeons experienced with HO resection, particularly given that residual limb HO resection in our most complex cases was done by our experienced surgeons and thus may have contributed to the statistical equivalence in our study. The potential for symptomatic recurrence remains the primary concern when patients undergo surgical excision of symptomatic HO. Our results demonstrated a significant decrease in symptomatic recurrence if initial excision was performed later than 6 months (180 days) from initial injury. Prior studies have stated that before excision, HO should be mature, assessed by bone scan, and patient alkaline phosphatase blood levels should fall within normal limits [2, 17, 30] . Other studies have suggested waiting a specified amount of time or until the HO has a mature, stable neocortex [25, 30, 33, 34] . Still other studies have found that these factors were not protective against recurrence, and increased rates of recurrence in patients with central nervous system injuries have been consistently reported [1, 12, 13, 30] . Although there is no clear consensus on when to perform excision, we have demonstrated that waiting 6 months decreases the rate of recurrence in our patient population and, if recurrence does occur, it is most often radiographic only and not symptomatic ( Fig. 5 ). Additionally, we found that there was no apparent value added in terms of recurrence risk reduction by waiting beyond 270 days, thus providing a window of 6 to 9 months for HO excision in symptomatic patients. However, if there is a progressive neurologic deficit or persistent wound healing complications resulting from HO, early excision is sometimes required, accepting the potential for increased rates of recurrence or reoperation [2, 5, 19, 26] . Dolomisiewicz et al. [5] recently characterized severely symptomatic early fulminant HO in a small series of amputees in which expectant management would not have been clinically prudent.
Symptomatic HO can be detrimental to patient function and quality of life for those with trauma-related amputations. In our study, we found that complete surgical removal of HO performed beyond 180 days postinjury minimized recurrence risk. Therefore, we believe that patients can be counseled that functional limitations and pain from HO within residual limbs can be definitively and successfully treated between 6 and 9 months after injury with surgical excision, albeit with a relatively high risk of complications that may result in reoperation. Future studies may further qualify and quantify functional status and pain mitigation after surgical excision for HO in patients with amputations, and additional mechanistic and prophylaxis studies are currently underway. 
